Lead zirconate titanate films with different Zr/Ti ratios were fabricated on a platinized silicon substrate using radio frequency magnetron sputtering. Crack-free films with a rhombohedral, morphotropic phase boundary and tetragonal compositions were deposited using single oxide targets containing various amounts of excess PbO. When the films showed a (111) preferred orientation, there were no cracks, regardless of the phase, and their microstructures were similar to one another. As the Zr/Ti ratio was changed, the amount of excess PbO necessary for the stoichiometry of the films also changed. When they had a stoichiometric composition, the films had a small grain size and similar microstructures. Moreover, their structural stability increased when the grains had an equiaxed morphology. The ferroelectric and piezoelectric properties of the films were characterized and correlated with their phase and microstructure.
I. Introduction
L EAD zirconate titanate [Pb(Zr 1Àx Ti x )O 3 ; PZT] films have attracted considerable attention, in view of their potential applications in microelectromechanical systems, as well as in nonvolatile ferroelectric random access memories, because of their excellent ferroelectric and piezoelectric properties. [1] [2] [3] [4] In order to make PZT films with a strong piezoelectric response for electromechanical sensing and actuation, high-quality films without cracks are required.
PZT films have generally been deposited by chemical procedures such as metal organic chemical vapor deposition and the sol-gel method or by physical deposition methods such as radio frequency (RF) magnetron sputtering and pulsed laser deposition. According to previous reports, 5, 6 sputtered films exhibit higher electrical properties than sol-gel derived ones, mainly because the former are fabricated in a clean environment without organics. However, it is not easy to control the stoichiometry of the film because of the variation in the sputtering yield, which depends on the element being deposited. 7 As a result, the composition of the film is often much different from that of the target, leading to the formation of a pyrochlore phase or cracks within it. 8, 9 Therefore, the compositional difference between the target and film is one of the most important issues in the majority of the sputtering systems. More specifically, the control of the stoichiometry is one of the most critical factors in the synthesis of PZT films with high quality. 10 Another problem associated with the deposition of PZT films is the volatility of PbO during the annealing process after sputtering. A certain amount of excess PbO is usually added to compensate for this loss and to achieve a stoichiometric film. 11, 12 The amount of excess PbO in the film is also known to have a strong influence on the nucleation and growth processes. 13, 14 However, there has been no systematic research into the amount of excess PbO necessary for the formation of stoichiometric PZT films with various Zr/Ti ratios. In this study, the compositional variation in films with different amounts of excess PbO was analyzed as a function of the Zr/Ti ratio. Based on these observations, crack-free films with a rhombohedral, morphotropic phase boundary (MPB) and tetragonal phases were fabricated. The electrical properties of the films were monitored and correlated with their composition and microstructure.
II. Experimental Procedure
PZT films with various Pb contents and Zr/Ti ratios were deposited by the RF magnetron sputtering procedure. Single oxide targets were prepared by the conventional mixed oxides method with a composition of Pb 11a (Zr x Ti 1Àx )O 3 , with a varying from 0.02 to 0.2 and x varying from 0.4 to 0.6. Pure PbO, ZrO 2 , and TiO 2 powders (all 99.9% purity, Aldrich, Milwaukee, WI) were weighed and mixed by ball-milling with zirconia balls as media in alcohol. After mixing and drying, the mixture was calcined in a covered alumina crucible at 8001C for 2 h. The calcined powders were ball-milled again for 24 h. Then, these powders were dried and sieved. The sieved powders were pressed with a 4 in. mold, and then cold isostatically pressed again at 300 MPa. The specimens were sintered at 12001C for 2 h in a double-sealed alumina crucible. Finally, the targets were machined into disks with a diameter of 3 in.
PZT films were deposited by sputtering, using these targets. The deposition conditions are described in Park et al. 6 During the sputtering process, the substrate was not heated; however, the substrate temperature increased gradually up to 1401C due to the ion bombardment effect. Annealing was performed at 6501C for 15 min in air with a heating rate of about 601C/min. X-ray diffraction (XRD; y-2y scanning, M18XHF-SRA, Mac Science, Yokohama, Japan) was used to monitor the orientation of the films. The microstructures and thicknesses of the films were determined by field-emission scanning electron microscopy (FE-SEM; JSM-6330F, Jeol, Tokyo, Japan). The compositions of the as-deposited films were analyzed using an electron probe X-ray microanalyzer (EPMA; JXA-8900R, Jeol). The ferroelectric properties were measured by a thin film analyzer (TF-analyzer 2000, AixACCT Technologies, Aachen, Germany), and the piezoelectric coefficients were estimated by the pneumatic loading method (PLM). 15 To measure the piezoelectric property by PLM, specimens with a dimension of 2.5 cm Â 2.5 cm were prepared, and platinum top electrodes with a diameter of 1 mm and a thickness of 150 nm were deposited by the sputtering process.
III. Results and Discussion
The microstructures of the films were strongly dependent on the amount of excess PbO. In addition, this dependency was influenced by the Zr/Ti ratio. The plane and cross-sectional images of the films for the system with Zr/Ti 5 40/60 (tetragonal phase) as a function of the excess PbO content in the target are shown in Fig. 1 . When small amounts of excess PbO (r5%) were added to the target, the films were severely cracked and had Crack generation is deemed to be suppressed by the formation of equiaxed columnar grains and also by the reduction in the grain size. On the other hand, when too much excess PbO ( ! 7%) was added to the target, the films had large grains again and became cracked, as shown in Figs. 1(e) and (f). Figure 2 shows the XRD patterns of these films with different amounts of excess PbO. The crystallographic orientation of the film varied with the amount of excess PbO. When small amounts of excess PbO (r5%) were added to the target, the films showed a mixed orientation with (100), (110), and (111) peaks ( Fig. 2(a) ). However, when 6% excess PbO was added to the target, the film had a strong (111) preferred orientation, as shown in Fig. 2(b) . When the amount of excess PbO was ! 7%, the film had a mixed orientation again, as shown in Fig. 2(c) . This result indicates that the amount of excess PbO had a strong influence on the crystallographic orientation as well as the microstructure of the film.
In the case of the near-MPB (50/50) composition, the microstructural behaviors of the films deposited on the substrate with different amounts of excess PbO were basically the same as those of the tetragonal phase (40/60) system. However, the amount of PbO necessary for the formation of a crack-free film was slightly different, as shown in Fig. 3 . When very little (4%) or too much excess PbO (10%) was added to the target, there were cracks in the films (Figs. 3(a) and (c), respectively) . However, the use of a target with about 8% excess PbO resulted in a crack-free film, as shown in Fig. 3(b) . This film also had equiaxied columnar grains (cross-sectional views not shown).
Similar behaviors were also shown in the microstructures of the rhombohedral phase PZT (60/40) films. When 5% and 20% PbOs were added to the targets, the films were severely cracked, as shown in Figs. 4(a) and (c) , respectively. Especially, when there is too much PbO in the target, PbO crystals were condensed on the surface of the film, as shown in Fig. 4(c) . However, when approximately 10% excess PbO was added to the target, the film was absolutely crack-free (Fig. 4(b) ). This film was also composed of equiaxed columnar grains. These results indicate that the generation of cracks is closely related to the microstructures of the films. Interestingly, the amount of excess PbO necessary for the formation of crack-free films increased as the Zr/Ti ratio in the PZT increased. In addition, whenever it was crack-free, the grains of the film were in an equiaxed columnar structure, regardless of the composition.
The XRD patterns of the PZT (50/50) and (60/40) films were basically identical to those of the (40/60) films; however, the amount of PbO necessary for the formation of a (111) oriented film was different. Based on the microstructural and XRD observations of the 40/60, 50/50, and 60/40 films, the optimum compositions of the PZT targets required to obtain the (111) orientation and a crack-free microstructure were estimated. The degree of (111) orientation {a 5 I(111)/[I(100)1 I(110)1I(111)]} is shown in Fig. 5 . For the 40/60 films, the degree of (111) orientation increased with increasing the amount of excess PbO up to 6%, and decreased thereafter. The films with 50/50 and 60/40 compositions also showed similar behaviors. However, with increasing Zr/Ti ratio, the amount of excess PbO necessary for the formation of the (111) preferred orientation also increased. The growth of films with the (111) orientation is deemed to be closely related to the formation of a fine and equiaxed microstructure.
The compositions of the targets used to obtain crack-free films and those of the as-deposited and annealed films are compared in Fig. 6 . As the Zr/Ti ratio increased, the Pb content in the targets necessary for the formation of crack-free films also increased. After sputtering, the amounts of Pb in the as-deposited films were even higher than those in the targets. However, after the annealing process, the Pb contents approached the stoichiometric composition of 1.0 mol, regardless of the Zr/Ti ratio of the film. On the other hand, the Zr/Ti ratio of the films was comparable to that of the targets. These results indicate that in order to fabricate crack-free and (111)-oriented stoichiometric films, the amount of PbO in the targets needs to be increased as the Zr/Ti ratio increases. This phenomenon is attributed to the difference in the temperatures required for the synthesis of the PbTiO 3 and PbZrO 3 phases. In the PZT solid solution system, PbTiO 3 is first crystallized and then PZT solid solution is synthesized, with the crystallization of PbZrO 3 occurring at a higher temperature. 16 Therefore, when Zr is rich in the PZT, more PbO is required to compensate for the loss of PbO by volatilization at a higher temperature.
The electrical properties of these crack-free and stoichiometric films with similar microstructures and the same (111) orientation were monitored. The polarization behaviors of the PZT films as a function of the electric field are shown in Fig. 7 . The film with the rhombohedral phase (Zr/Ti 5 60/40) showed a higher remnant polarization (P r ) and lower coercive field (E c ) than the films with the MPB (Zr/Ti 5 50/50) or tetragonal phase (Zr/Ti 5 40/60). The piezoelectric property showed a similar trend. The effective d 33 values of the films with different phases, measured by the PLM, 15 are shown in Fig. 8 . Like the ferroelectric properties, the film with the rhombohedral phase (Zr/Ti 5 60/40) had a higher d 33 value than those with tetragonal (Zr/ Ti 5 40/60) or MPB (Zr/Ti 5 50/50) phases. The rhombohedral phase is known to possess the most favorable structure for domain movements. The high electrical properties of the film with the rhombohedral phase were attributed to the ease of domain wall movement within it.
IV. Conclusions
Crack-free PZT films with the rhombohedral, MPB, and tetragonal phases were fabricated on a platinized Si substrate by controlling the amount of excess PbO. The amount of excess PbO necessary for the formation of a crack-free and stoichiometric film was found to increase with increasing Zr/Ti ratio. However, all of the crack-free films showed a similar microstructure and the same (111) orientation, regardless of the phases. The electrical properties of the (111)-oriented films were strongly influenced by their phase. The film with the rhombohedral phase had superior ferroelectric and piezoelectric properties compared with the films with the tetragonal or MPB phase.
